5. COMPARISON BETWEEN aLLOWABLE STRAINS AND EXPERIMENTAL FRACTURE
STRAINS

5.1 Calculation of Allowable Strains

The purpose of this section is to assess the degree to which the
various defect tolerance criteria can be used to establish safe
operating conditions for pipeline girth welds. To accomplish this, the
methodologies on which the various criteria are based (Table 5.1) were
applied to selected, full-scale pipe fracture tests described in the
preceding section to calculate allowable applied strain. This was done
because it is not possible to apply the defect assessment standards
described in Section 3 to the pipe fracture data because of the many
additional constraints they impose. For example, APl 1104 Appendix A
requires a minimum CTOD toughness of 0.127 mm (0.005 in.) measured at
15°C below the operating temperature, in this case the test temperature.
There are no data which satisfy this criterion.

Table 5.1 Methodologies used in the Comparison of Allowable Strains
and Experimental Fracture Strains

Methodology: 1. COD Design Curve With Only Residual Strain
Correction.

2. COD Design Curve With Only Defect Geometry
Correction.

3. COD Design Curve With Residual Strain and Defect
Geometry Correction.

4. COD Design Curve With CSA 2184 Appendix K Defect
Geometry Correction and Collapse Criterion.

5. NBS Approach
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Methodologv 1: This methodology is the COD Design Curve, equation
3.1, with the value of e equal to the sum of the externally applied
strain plus a residual strain taken equal to the weld yield strength
divided by Young®"s Modulus: E-207GPa (30 x 106 psi). The defect
depth is used directly for a; there is no modification for defect
geometry. This methodology is similar to APl 1104 Appendix A. The
important differences are that Appendix A limits the defect length to £
< 0.4D (0.127 xD) for a/t < 0.25 and £ < 4t for 0.25 < a/t < 0.5;
defects with a/t > 0.5 are not allowed. In addition, Appendix A calcu-
lates allowable defect depths or applied strains using only two tough-
ness levels, depending on the toughness of the weld, and requires that
CTOD toughness exceed 0.127 mm (0.005 in.) at 15°C below the operating
temperature. Finally, APl 1104 Appendix A imposes a residual strain of
0.2 percent independent of the material properties.

Methodoloev 2: This methodology is the COD Design Curve, equation
3.1, with the value of e taken as the externally applied strain and with
a determined from the geometry correction curves. No residual strain
is included. These curves can be found in PD 6493 and correspond to the
linear elastic Newman-Raju KA solutions; see also Figure Bl of
Appendix B. This methodology is included to assess the effect of only-
using a geometry correction in conjunction with the COD Design Curve.

Methodology 3: This methodology is the COD Design Curve with both
the residual strain correction of Methodology 1 and the geometry correc-
tion of Methodology 2. It is similar to the methodology employed by BS
4515 Appendix H. The important differences are that: Appendix H does
not permit initial defects that are believed to be cracks, which
implicitly eliminates defects deeper that one weld pass, 3 mm (0.12
in.); the defect length is limited by a plastic collapse criterion; and
the minimum CTOD toughness is about 0.08 mm (0.003 in.).

Methodologyv 4: This is the COD Design Curve, equation 3.1, with

the defect geometry correction and collapse criterion used in CSA 2184
Appendix K. No residual strain is included. This methodology is almost
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identical to CSA 2184 Appendix K. The differences are that Appendix K
allows no cracks and defect length is limited to 0.1(nD).

Methodoloev 5. NBS methodology. The computer program written by
NBS was loaded onto our ?DP11/23 and used to calculate allowable
strains. However, some difficulty was encountered in applying the
program for this purpose since it is designed to compute allowable
defect depth versus length curves for a particular pipe configuration,
toughness and applied stress. Consequently, only a limited set of
calculations were made. In all of these, It was assumed that 7, "
op - 483 Mra (/O ksi) and that the reduction in effective CTOD
toughness due to residual stress was 0.025 mm (0.00L1 In.). Stress was
converted to strain by dividing by E = 207 ¢ra (30 X 106 psi).

The data used in the calculations are listed in Table 5.2 and shown
graphically as a/t versus £/xD in Figure 5.1. Also shown in Figure 5.1,
for comparison, are limits on initial defect size required by APl 1104
Appendix A, BS 4515 Appendix H, and CSA 2184 Appendix K for specific
pipe geometries. Very few points fall within the limits of APl 1104
Appendix A and BS 4515 Appendix H. The data points that meet the
geometric limitations of the proposed criteria are:

APl 1104 Appendix A 16, 17, A6, a8, I1, 12, 3
BS 4515 Appendix H A8, 11, 12, 3
CSA 2184 Appendix K 7,14, 15, 18, 19, Al, A3, A5, A6,

A7, A8, 11, 12,1,3

The results of the calculations are also shown in Table 5.2 which
lists most of the information required for the calculations. Further
details can be found in Section 4. The calculated allowable strains are
listed by methodology number (Table 5.1); a key is given in the table
for convenience. Some of the calculations involving the inclusion of a
residual strain, result in a negative calculated allowable strain.
These cases correspond to a total allowable strain which is less than
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Table 52  Allowable Applied Strains for Actual
Pipeline Girth Weld Defects

Test[Ref. ] D (mm) t (mm) a (mm) £ (mm) § (mm) gO(MPa) ngZl 2 4 5
6[20] 914 11.1 7.8 68.6 0.024 524 0.33 -0.14 0.08 0.08
7[20] a4 11.1 5.3 61.0 0.024 524 0.31 -0.12 0.10 0.09
8(20] 914 11.1 10.1 76.4 0.024 524 0.14. -0.15 0.08 0.07
9[20] 914 11.1 8.8 81.8 0.089 524 0.48 -0.03 0.1 . 0.12
10[20] 914 11.1 6.4 59.3 0.024 524 0.23 -0.13 0.09 -0.16 0.09
11[20] 914 11.1 9.3 78.9 0.089 524 0.49 -0.04 0.12 -0.13 0.1
12{20] 914 11.1 6.3 63.5 0.089 524 >0.5 0.03 0.16 -0.09 0.16
13[20] 914 11.1 6.1 62.2 0.089 524 0.36 0.04 0.17 -0.08 0.18
14[20] 914 11.1 5.5 64.8 0.10 524 0.51 0.09 0.19 0.06 0.14 0.16
15[20] 914 11.1 5.5 60.3 0.10 524 0.47 0.09 0.19 0.06 0.16 0.17
*16(20] 914 10.3 2.0 300 0.10 690 >0.78 053 070 -0.37r 0.10 0.15
*17[20] 914 10.3 1.8 300 0.10 690 >0.71 0.64 0.86 053 0.11 0.16
18[21] 914 11.1 3.3 265 0.10 524 0-30 0.29 024 -0.02 0.10 0.17
19{21] 914 11.1 3.2 278 0.10 524 0.37 0.29 0.24 -0.02 0.10 0.17
Al[21] 914 11.1 3.93 279 0.10 469 0.20 0.24 018 -0.05 0.07r 0.15
A2[21] 914 11.1 3.70 331 0.10 469 0.20 0.24 0.18 -0.05 0.07 0.16
A3[21] 914 11.1 3.50 75 0.10 469 0.49 0.27 0.29 0.06 0.20 0.18
A4[22] 914 11.1 3.7 315 0.10 441 0.27 0.26 0.19 -0.02 0.09 0.16
A5[22] 914 11.1 3.1 282 0.10 469 0.32 0.35 0.29 0.06 0.11 0.17
A6 [22] 914 11.7 2.9 280 0.10 469 0.35 0.35 033 0.10 0.24 0.18
A7[22] 914 11.7 3.7 134 0.10 469 0.31 0.24 022 -0.02 0.13 0.17
A8[22] 914 11.7 2.2 116 0.10 469 0.65 0.52 0.4 0.22 0.20 0.20
11[21] 1067 15 0.9 14 0.10 497 >0.7 1.37 1.30 1.06 0.25 0.23
12[21] 1067 15 3.0 38 0.10 497 >0.8 0.4 0.4 0.22 023 0.23
13[21] 1067 15 8.0 70 0.10 497 0.62 0.02 0.26 0.2 0.16 0.14
1[24] 762 15.9 6.4 89 0.05 524 0.24 -0.02 0.1 -0.09 011 0.09
2[24] 762 15.9 3.2 599 0.05 524 0.17 0.10 0.19 -0.00 0.13 0.14
3[24] 762 15.9 2.5 89 0.05 524 >0.64 0.17 0.26 0.06 0.23 0.17
Methodology COD-Design Curve with residual strain

1
2. COD-Design Curve with geometry correction

3. COD-Design Curve with residual strain and geometry correction

4. COD-Design Curve with CSA geometry correction and collapse criterion
5 NBS

X Buried defects



the assumed residual strain and are not plotted in the figures that
follow.

Figures 5.2 through 5.7 present the results in graphical form for
the individual methodologies. The data are plotted as failure strain
versus allowable strain, both normalized by the weld yield strain or
base metal yield strain in the cases for which base metal was tested.
Lines corresponding to safety factors (SF) equal to one and two are
drawn on the figures for comparison. These are safety margins on strain
with respect to failure. |In many cases crack growth initiated at
applied strains significantly lower than the failure strains (see Table
4.4)_. There are also plots for two of the methodologies of the ratio
ef/ea versus a/R to highlight the effect of defect aspect ratio.

Data points with an arrow correspond to tests terminated before failure
or to data off the scale of the plot.

Figure 5.2 shows the results of Methodology 1, which is the COD
Design Curve with only a residual strain correction and is similar to
APl 1104 Appendix A. Concentric circles correspond to multiple data
points. The figure shows that the methodology is conservative for all
but three points. The safety factor is approximately one, but there is
a great deal of scatter. Figure 5.3, which is a plot of the ratio of
failure strain to allowable strain verses defect aspect ratio, a/&f,
shows that the nonconservative allowable strains, and generally the
safety factors near unity, correspond to defects which are long in
comparison to their depth.

Figure 5.4 shows the results of Methodology 2, which is the COD
Design Curve with only the defect geometry correction of PD 6493. The
results show that, with one exception, the allowable strains are
conservative. [In addition, there is less scatter in the safety factors
when only the geometry correction is used instead of only the residual
strain. Figure 5.5 shows the data plotted as ef/ea versus a/f.

From this curve, one notes a definite influence of defect aspect ratio
on the safety factor even with the inclusion of the defect geometry
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correction. This observation has been reported before [27] and is
discussed later in this section and in Appendix B.

No Ffigure is given for Methodology 3 which is the COD Design Curve
with both residual.strain and defect geometry corrections. The reason
can be seen in Table 5.2 which shows that for virtually every case, no
externally applied strain is allowed. Methodology 3 is similar to BS
4515 Appendix H and indicates that this standard is very conservative.

Figure 5.6 shows the results of Methodology 4, which is almost
identical to CSA 2184 Appendix K. The results show that the methodology
Is conservative by a factor of two, with only one exception which is
nevertheless conservative. This figure is no surprise since the CSA
standard includes empirical defect geometry correction curves which were
based on most of the same data and is designed to give a safety factor
of two.

Figure 5.7 shows the NBS methodology results, which are seen to be
conservative in all cases. The allowable strain is almost always between
0.5 and 1.0 times the yield strain. The NBS methodology is meant to
predict failure strains, as opposed to providing allowable strains. The
results show that the predicted failure strains are conservative and
sometimes underestimate the measured values by more than a factor of
two.

5.2 Discussion of Results and Their Implications for the Proposed
Defect Tolerance Criteria

Results have been presented for various defect tolerance assessment
approaches which are based on the COD Design Curve. They are each
distinct in their treatment of crack geometry correction, residual
stress influence, and on imposition of additional constraints based on
plastic collapse considerations. The comparison’of allowable strain
levels for each method with observed failure strains shows that by
accounting for crack geometry, plastic collapse, and residual stress one
can ensure that the allowable strains are consistently less than the
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measured failure strains. The methods for treating each of these
effects are approximate, and improvements in these methods would lead to
more accurate defect tolerance criteria.

In particular, the geometry correction used in PD 6493 and
incorporated into BS 4515 Appendix H is based on elastic analysis while
its application to pipeline girth welds usually involves elastic-plastic
conditions. The inaccuracy of this crack geometry correction is
evidenced by the aspect: ratio effect seen in Figure 5.5, which contains
COD Design Curve predictions already including the elastic crack
geometry correction. In CSA 2184 Appendix K, the curves used to adjust
for crack geometry have been empirically altered from those calculated
using elastic geometry corrections. The influence of plasticity on crack
geometry corrections io discussed more fully in Appendix B, where
quantitative estimates are presented for example conditions.

Residual stresses are believed to influence the level of applied
strain which causes failure, and adjustment of the COD Design Curve for
residual stress generally increases the safety margin. The adjustment
Is made by adding a residual stress or strain equal to the corresponding
yield value to the applied stress or strain and entering the total
stress or strain into the COD Design Curve. The results given in Table
5.2 for Methodology 3 indicate that such a residual stress correction
coupled with a geometry correction approach often reduces the allowable
applied stresses or strains drastically. The use of such a residual
stress correction increases the safety margin but does not reduce the
data scatter. Residual stress corrections are included in the APl 1104
Appendix A and the BS 4515 Appendix H. The CSA 2184 Appendix K does not
include a residual stress correction factor. Actual residual stresses
are generally less than yield and their influence on failure stress is
dependent on the amount of plastic deformation which precedes or
accompanies failure. .

The COD Design Curve does not account for the possibility of

plastic collapse and allows for strain levels which correspond to full
yielding of the section. Its use without additional plastic collapse
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constraints may result in nonconservative estimates of allowable strain
in this regime. Both BS 4515 Appendix H and CSA 2184 Appendix K
include plastic collapse-based limitations on allowable strain and
defect size. Each uses a different plastic collapse calculation
procedure and both methods are approximate, conservative, and somewhat
empirical.

The results obtained iIn this study indicate that if the COD Design
Curve is used with the elastic crack geometry correction, residual
stress correction and plastic collapse limitation, conservative
estimates of allowable strain are ensured. The BS 4515 Appendix H is
developed on that basis. On the other hand, CSA 2184 Appendix K
produces allowable strain estimates which are consistently conservative
without including a residual stress correction but using data to
empirically adjust the elastic geometry correction.

APl 1104 Appendix A is based on Methodology 1 but with additional
restrictions on defect size and toughness. None of the data reviewed
meets the toughness requirement. Only a portion of the data in Table
5.2 is within the allowable defect size limit. Considering all the data
evaluated, Methodology 1 has a strong aspect ratio influence on safety
margin and little or no safety margin for long flaws. If only the data
within the APl 1104 Appendix A defect size restriction is considered,
seven points remain, only one of which corresponds to a ductile“tearing
mode of failure. The other data points correspond to buckling or to
stopping of the test without reaching final failure. For the point
(A6), which satisfies the aPI 1104 Appendix A geometry limitations and
failed by ductile tearing the safety margin on failure strain is 1.0 and
crack growth initiated at less than 50 percent of the allowable strain
as determined by Methodology 1. This data point has a crack depth to
pipe thickness ratio of 0.25 and a crack length to pipe circumference
ratio 0.10.

The NBS methodology for setting allowable girth weld defect sizes,

which is not based on the COD Design Curve, is found to be conservative
for each of the cases considered here. This methodology employs the
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crack tip opening displacement as the fracture parameter and incorpo-
rates a residual strain correction but no specified safety margin. The
procedure for calculating CTOD involves an elastic-perfectly plastic
model of material behavior.

Two trends are observable in comparing the NBS predictions for®
failure strains to the measured data. First, there is an apparent
aspect ratio effect on the safety margin with low aspect ratio (a/%)
defects having smaller safety margins than higher aspect ratio defects.
This effect may be due to a constraint influence on the apparent
toughness of the material, by which crack growth occurs for low aspect
ratio (a/2) defects at lower values of CTOD than for higher aspect ratio
cracks or defects. While the concept of constraint influence on
toughness is well known, none of the methodologies available to predict
fracture conditions for girth welds containing defects includes this
constraint influence. Second, the safety margin appears to increase
rapidly with failure strain above the yield level. This is presumably
because the NBS model predicts that CTOD will grow without bound as the
applied strain approaches yield strain: an inherent consequence of its
elastic-perfectly plastic material model.
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6. ASSESSMENT OF PROPOSED DEFECT TOLERANCE CRITERIA

Of the five defect tolerance criteria assessed here, three (the
appendices of BS 4515, CSA 2184, and API 1104) have been proposed as
specific standards for determining which girth weld defects require
repair. The basis on which these defect tolerance criteria should be
evaluated include:

o Their ability to produce consistently conservative allowable
defect dimensions.

o The avoidance of excessively conservative and costly limita-
tions.

o The existence of the capabilities (s.g., Inspection) which are
required to utilize the criterion.

o The consistency of the criterion with other related standards
and regulations.

e . The lack of ambiguity of the criterion.

0 The appropriate level of sophistication such that the
criterion is readily usable by the appropriate professional
staff, i.e., design engineers and field iInspectors.

o The ability to subsequently verify that the criterion was
properly utilized.

The ability of a proposed girth weld defect tolerance standard to
produce consistently conservative allowable defect dimensions without
Imposing excessive restrictions depends on the input requirements
(material properties, defect sizing, and service load conditions) and on
the methodology for obtaining results from the input, =.g., COD Design
Curve, plastic collapse criterion, etc. The proposed standards all
require that toughness be measured as specified in BS 5762. They have
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different approaches to defect sizing, service loads, and calculation of
allowable defect sizes in terms of the material properties and loading
conditions. We will use the information on service loads (Section 2),
the results of the comparative calculations for the representative
examples (Section 3), and the results of the application of the
methodologies (representing the criteria) to the experimental data
(Section 5) to evaluate the technical aspects of the proposed criteria.
We will also co mment on the applicability of the proposed standards to
actual pipeline assessments, addressing the extent to which they are
explicit and unambiguous, usable by the appropriate staff, and
subsequently verifiable. It is anticipated that pipeline designers will
perform the calculations to set allowable defect dimensions at the time
of the pipeline design and that field inspectors will use the results to
make defect repair decisions. The calculation of allowable defect sizes
should give generic results independent of the analyst and the results
should be in a form which can be effectively utilized in the field by
the inspector.

The PD 6493, while not a proposed girth weld defect tolerance
assessment criteria, is a detailed methodology for determining allowable
defect sizes in weldments. It requires that the user input information
on toughness and loading or defect size, resulting in corresponding
estimates of allowable defect dimensions or applied stresses. The
PD 6493 includes elastic crack geometry and residual stress corrections
to the COD Design Curve as well as a plastic collapse limitation on
defect size or applies stress. It results in conservative estimates of
allowable strain or allowable defect dimensions for all cases
considered. The degree of conservatism is not uniform and in numerous
cases may be excessive.

The BS 4515 Appendix H is based on PD 6493; however, the applied
stress is limited to the yield stress, and the defect (cracks are not
permitted) is taken as having a depth of 3 mm (assumed to represent one
weld pass). The use of BS 4515 Appendix H results in a required
material toughness which depends only on the pipe diameter, thickness
and yield strength. For pipelines which meet this requirement, defect
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length is limited based on pipe diameter. Application of the
Methodology 3 on which BS 4515 Appendix H is based resulted in
conservative estimates for failure strain in all cases considered. BS
4515 Appendix H can currently be applied with no reduction of pipeline
integrity or safety provided there is assurance that the actual defects
are limited to a 3 mm depth as assumed in the analysis which supports
this standard; however, application of this standard may result in
overly conservative defect removal decisions.

The CSA 2184 Appendix K is similar to PD 6493 in that it requires
user inputs of defect size or applied.stress and results In correspond-
ing ranges of allowable stress level or defect dimensions. Application
of CSA 2184 Appendix K to the data available in this study resulted in
consistently conservative predictions for allowable strain levels. This
standard is unique in that it does not require an absolute minimum
toughness and does not include a residual stress correction. It is
possible that this could lead to less conservative (or nonconservative)
predictions for conditions not addressed here which involve lower
toughness materials and/or high residual stresses.

The APl 1104 Appendix A differs from the other defect tolerance
criteria in that it does not adjust the COD Design Curve to account for
crack geometry and does not include a plastic collapse-based limit on
defect size or allowable load level. Application of the Methodology 1,
on which the standard is based, to the available data resulted in a wide
range of safety margins or failure strains and nonconservative
predictions for allowable strains for some data points associated with
long flaws. An earlier study by Wilkowski and Eiber came to a similar
conclusion. (13) Comparison of Methodology 1 with the other method-
ologies considered indicates that the scatter in the safety margin can
be reduced and the nonconservative predictions eliminated by including
geometry corrections to the COD Design Curve and a plastic collapse
based limit on applied stress.
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The APl 1104 Appendix A requires a minimum toughness of 0.005 inches
at 15°C below the lowest operating temperature. This condition was not
satisfied by the available experimental data. Thus no conclusion can be
reached regarding the safety margin that would result from application
of the proposed standard to test results involving higher toughness
weldments.

The APl 1104 Appendix A implicitly permits application to applied
strain levels beyond yield--a range which is not allowed by the pipeline
standard ANSI/ASME B31.8. The higher strain range is apparently
permitted in order that the standard may also be applied to pipeline
installation conditions, a situation not treated in the present study.
Neither the APl 1104 Appendix A nor the other proposed standards
reviewed here account for possible residual stresses or stable tearing
which could result from large installation strains.

The APl 1104 Appendix A requires field measurement of defect length
and depth dimensions. While nondestructive evaluation was not the focus
of the present study, the concern is raised that tools for performing
these measurements with appropriate accuracy and confidence may not be
available, and therefore, may prevent effective application of this
proposed standard.

We recommend that APl 1104 Appendix A be altered in two areas
prior to usage as a girth weld defect tolerance standard for pipeline
service conditions. First, it should be made consistent with the base
standard on the topic of allowable longitudinal pipeline stresses. In
addition, the standard should be altered (or new data provided) to
address the apparent lack of conservatism iIn its application to the long
flaw problem. Possible approaches for altering the standard in this
area include, but are not limited to, further restriction on allowable
defect length, inclusion of a plastic collapse limit, and/or inclusion
of a crack geometry correction to the COD Design Curve.
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The NBS procedure is based on LEFM using the Irwin model for
ligament yielding associated with surface cracks.and the Dugdale model
to account for yielding beyond the crack length. It includes a residual
stress correction. Based on an elastic-perfectly-plastic material
model, 1t does not allow the applied stress to exceed the material flow
stress. No explicit safety margin is currently built into the NBS
procedure, though one could certainly be added. The failure strain
predictions based on the NBS methodology did not correlate closely with
the observed failure strains. There appears to be a crack geometry
aspect ratio (a/2) influence on the ratio of predicted to measured
failure strain. This effect could be the result of constraint
influences on critical crack tip opening displacement and/or on the
amount of stable tearing which precedes failure. Neither of these
influences are accounted for by the NBS model. The NBS methodology
follows a procedure developed to determine the conditions for crack
growth initiation rather than final failure; however, it is applied in
conjunction with failure crack tip opening displacement data. The
ambiguity in the NBS method with respect to crack growth initiation and
failure predictions may be a cause for the disparity between its
predictions and observations.

The NBS criterion for setting allowed defect sizes is based on a
more substantial theoretical foundation than the other approaches which
were reviewed here. The NBS methodology involves calculation of the
crack tip opening displacement In terms of geometry, material
properties, and loading conditions. Conversely, the PD 6493, BS 4515
Appendix HCSA 2184 Appendix K, and APl 1104 Appendix A are each based
on the COD Design Curve with various corrections. Our observations
indicate that, in spite of this distinction, the NBS methodology does
not necessarily produce better estimates of allowable strain level or
defect size than the best of the empirical methods. The reason for this
may be that when a theoretical model is utilized it is necessary to
explicitly account for all the factors which influence failure
conditions. In this case these factors include above yield material
hardening, stable tearing, and the influence of geometry on apparent .
material toughness.
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7. SUMMARY AND RECOMMENDATIONS

There is currently no methodology which is able to accurately
predict failure--leak or break--of pipeline girth welds. Two approaches e
have been reviewed here. The first, based on the COD Design Curve, is
empirical and can be made to be conservative by including adjustments
for crack geometry, residual stress, and plastic collapse. The alterna-
tive approach typified by the NBS procedure is based on correlation of
failure conditions with values of a crack tip parameter, e.g., the crack
tip opening displacement. Each approach has merit and application and
each can be improved from its present implementation by further research
efforts.

Methods have been developed to include the influence of crack or
defect geometry, residual stress,.and plastic collapse when applying the
COD Design Curve methodology. Each of these factors has been shown to
be important and their influence must be accounted for to obtain re-
liably conservative allowable strains. However, the models for each of
these influences could potentially be improved and these improvements
would lead to more consistent allowable strain estimates.

The crack geometry influence is generally treated using elastic
analysis results for surface defects. Results presented earlier
demonstrate that this approach does not completely account for crack
geometry effects. This is expected because the stress states considered
are elastic-plastic rather than elastic. The Canadians, recognizing
this, have proposed to correct the analytical results based on this
experimental observation. We have shown by example in Appendix B that
elastic-plastic geometry corrections can be more substantial than those
predicted based on elastic solutions. Thus, the magnitude of geometry
correction depends on the level of stress as well as the defect
geometry. The development of crack geometry adjustments including
plastic effects would improve the ability of the COD Design Curve to
provide estimates for allowable strain with consistent safety margins.
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We would recommend that research continue in attempt to develop
better theoretical models for the prediction of failure conditions for
girth welds containing defects and that the results of the research be
made available to aid in improvement of girth weld defect tolerance
standards. However, at the present, it appears that such standards
should be based on the COD Design Curves with appropriate corrections to
account for the various influences discussed above.
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In a similar manner, it s recognized that residual stresses
influence the applied strain at which crack growth occurs, but the
current procedure for adjusting for residual stress does not take into
account the amount of plastic deformation at fracture. The development
of an approach for improving residual stress corrections to address this
would lead to improved COD Design Curve allowable strain estimates.

Similarly, it is recognized that failure can precede COD Design
Curve estimates 1T full yielding of the section occurs. An approach
which would enable accurate (rather than conservative) predictions of
plastic collapse would also contribute to enhanced accuracy of the COD
Design Curve methodology.

With respect to methodologies which are based on a crack tip
parameter such as CTOD, the available approaches are each lacking in
some aspect. The NBS approach makes use of elastic-perfectly plastic
material models and, therefore, is unable to deal with the full plastic
regime. The Elastic-Plastic Estimation Procedure which does account for
material hardening still requires the development of solutions for
relevant crack and pipe geometries. Research would be properly directed
toward developing tools which can handle both material hardening and
surface defects. Even if such solutions become available, research is
required to tackle the more fundamental problem of constraint and its
influence on crack growth conditions.
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APPENDIX A

A DESCRIPTION OF THE FRACTURE MECHANI
ASPECTS OF API 1104 APPENDIX A

The purpose of APl 1104 Appendix A is to set allowable defect sizes
in pipeline girth welds and to specify conditions on welding, fatigue,
environment and toughness under which such an assessment can be made. A
description of some of the aspects of APl 1104 Appendix A can also be
found in reference (Al]. The criterion for determining acceptable
defect depths is the COD-Design Curve, which is used in the form

6
&7 x(s,-0.2520) (a1)
where
a - the maximum depth of a surface defect or one-half
the maximum height of a buried defect
6 = the critical crack tip opening displacement

determined from three-point bend tests

e = the total applied strain
e - the yield strain

The total applied strain is the sum of the applied strain--as
determined from stress analysis--and a residual strain equal to the
yield strain. 1In APl 1104 Appendix A, e, - 0.2 percent.

The allowable initial defect depth, which is the defect depth
measured Immediately after pipeline construction, is actually smaller

than predicted by equation &1 in order to account for fatigue
propagation of the defect during the life of the pipeline. Fatigue
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crack propagation is calculated using linear elastic fracture mechanics
(LEFM) and the power law relation

da/dN = A (AK)™

where
N - number of cycles
Am = empirical constants from laboratory data; in the -

derivation of APl 1104 Appendix A, A = 3.6x10" 10
and m = 3.0 (units in ksiYin and inches/cycle) .

AK = M(Ac)Nma ; stress intensity factor range

Ao = stress
M - a geometry factor

The factor M can be written

MM

M =( - t) e ) NT (a2)

The fTirst three parameters are correction factors for crack
geometry: M and ¢ - crack shape, M- thickness. The values of
these parameters are taken from Maddox. [A2] M is apparently an
empirical factor for curvature and flaw length obtained from pipe
fracture tests. [A3)]

b
_ 1-a/tMc M =|1+0.260 t+ 47(12 - 59(!3
M " 1-ajt ° ¢ [ ] i
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where

& = 2/=D

= defect length

D - pipe diameter

The factor a is the ratio of flaw length to circumference. A value

of M - 2.85 was used in the derivation of APl 1104 Appendix A. This
value is greater than values calculated from equation A2 for all of the
allowable defect geometries of the Appendix. The choice that M be less
than 2.85 is apparently part of the basis for choosing the requirement
that £ < 4t for 0.25 < a/t < 0.5. Furthermore, the requirement that
M < 2.85 seems to be the basis for Figure A7 in Appendix A, which sets
limits on the flaw length for D/t < 17 and a?PI 1104 0.25 < a/t < 0.5.

We note that the correction factors for buried defects are always
less than those for surface defects with the same a and 2< dimensions.

Given the value of M, the fatigue crack growth equation is
integrated to calculate the maximum initial crack depth. A simplified
integration, which does not account for load sequence effects or crack
geometry changes, is used in the derivation of Appendix A. The result
is

-2
a -( .+ 417x 1070 s*)

£
where

a~ . allowable initial crack depth
a = allowable final crack depth, from equation (Al)
k

S* = $ (o) N = 4x 10 (ksi)S
=2 * 7
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The value of S* was chosen to represent a severe pipeline fatigue
history. Table Al shows the number of cycles required to make S* =
4 x 107(ksi)3 for various levels of constant alternating stress.

- * = 7 .3

Ao (ksi) N
5 320,000
10 40,000
15 12,000
20 5,000
30 1,500

IT the calculated value of s* for the pipeline in question is
greater than 4 x 107(ksi)3, Appendix A cannot be used to assess
allowable defect sizes.

The final integrated fatigue equation is

a* = (ag™* +0.1667) "2 (4%)

Equations Al and A4 were used to generate Figure A5 of
APl 1104 Appendix A, which is the curve that defines maximum allowable
initial crack depths.

Only two curves for allowable crack depth are given in Figure A5.
These correspond to two levels of fracture toughness: 6 = 0.005 in. and
6 = 0.010 in. There is no interpolation for other values of toughness.
Appendix A requires that 6 = 0.005 in. be used if the measured toughness
is between 0.005 in. and 0.010 in., and that 6 = 0.010 in. be used if
the measured toughness equals or exceeds 0.010 in. Also, the material
toughness must be measured at 15°C below the anticipated service
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temperature. I § < 0.005 in., Appendix A cannot be used. A minimum
value of fracture toughness equal to 0.005 in. and determined at 15°C
below the lowest anticipated service temperature was chosen in an effort
to ensure that the material is at or close to iIts upper shelf fracture
behavior when in service. The upper limit set on toughness is in
recognition of the limited toughness measuring capacity of the
necessarily small test specimens from pipelines.
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Example 1: Maximum Allowable Defect Depth for Figure A5 of API 1104

Appendix A
§ = 0.005in., applied strain e, = 0.2% (0.002)
_ 0.005 B .
8 = 77 (0002 T 0002) - 025 (0.002) - 0227 In.
a* = [(0.227)‘1/2 + 016671 ~2 = 0.195 in.

Example 2: Maximum Allowable Defect Length for 3<D/t<17, 0.25<a/t<0.50
for Figure A7 of APl 1104 Appendix A

M= 285
D/t =10
a/t = 0.50

The value of 2/t must be solved for iteratively:

MM

st
a/L 2/7D & 3 E‘[-
0.10 0.16 1.29 . 278 3.59
0.20 0.08 1.12 2.05 2.30
0.15 0.11 1.19 2.42 2.88

Actually, a/&= 0.145 gives M = 2.85 and 2/t = (a/t)/(a/L) = 3.45.
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APPENDIX B

A STUDY OF PLASTICITY EFFECTS ON THE CRACK GEOMETRY CORRECTION
FACTORS USED WITH THE COD-DESIGN CURVE

The COD Design Curve is a semi-empirical approach for determining
allowable defect sizes and applied stresses and strains for engineering
structures. As originally conceived, the Design Curve applied to wide
plates containing small through cracks and loaded in remote tension
(c.f[Bl]); the fundamental aspects of the Design Curve are based on this
geometry. The COD Design Curve, because of its derivation and based on
experience, has been found to have a factor of safety of approximately
two. Applications of the Design Curve, carried out mainly through the
British PD 6493 now include edge cracks in wide plates and surface and
buried defects. The half crack length, a, used in the COD Design

Curve 1is equated to the crack depth for surface cracks and to one-half
the crack height for buried defects. Such applications of the Design
Curve for these defect geometries seem logical when sections of the
surface and buried defects are considered, as in Figure Bl.

It was recognized in applying the COD Design Curve to geometries other
than the wide plate, that some correction was needed to account for the
crack shape and the proximity of the crack tip to the front and back
surfaces. The corrections used in the British document PD6943 are based
on linear elastic fracture mechanics (LEFM). Given the geometry of the
defect and the thickness of the structure, one finds the crack length
for the infinite plate containing a through crack which will give the
same crack tip opening displacement as the crack in the structure of
interest. This procedure retains the same factor of safety that is in
the basic COD Design Curve provided the structure is elastic. In the
presence of plastic deformation it is not clear how the use of cor-
rections based on linear elasticity will affect the factor of safety.
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Recently, in applying the COD Design Curve to pipeline girth welds,
Glover and Coote [B2] found that the factor of safety was nonuniform
with respect to defect aspect ratio; the factor was smaller for crack
length-to-depth ratios near zero. They recommended that the correction
factors be changed so that a factor of safety of two would be retained
for these long defects.

Failure strains in the tests considered by Glover and Coote exceeded 80%
of the yield strain, indicating that plasticity effects may have
contributed to the nonuniformity of safety factor in applying elastic
correction factors to the data. In addition, fracture generally
occurred by ductile tearing, sometimes in the regime of applied strain
and stress for which plastic collapse is a better description of
fracture.

This appendix presents an analysis of the effects of plasticity on the
crack geometry correction factors used with the COD Design Curve. We
will show, using the elastic-plastic estimation approach [B3], that the
nonuniform safety factor with defect aspect ratio observed by Glover and
Coote can be explained by plasticity effects. We do not maintain that
this is the only cause.

COD Design Curve

The COD Design Curve is given by:

(e/eo)z; e/eo < 0.5

5§ = 2neoé (B1)

e/eo - 0.25; e/eo > 0.5

where 5 - CTOD toughness
e - yield strain
e - applied strain

a - equivalent half crack length.
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The value of a is obtained by equating the elasiic crack tip opening
displacement (CTOD) for the crack geometry of interest to the CTOD for a
through crack in an infinite plate under uniform tension; this is
equivalent to equating the linear elastic stress intensity factors.
Thus, we have

q¥na =Mo Vi a,

- 2
a— Ma,

and normalizing by the plate thickness,

(B2)

rtjml
(]
=

a3l

Values of M are obtained from analyses similar to that of Newman and
Raju [B4]. The resulting correction factors, for surface defects, are
shown graphically in Figure B2 as they appear in PD 6493. The curve for
a/2 = 0 corresponds to the single edge notched specimen in tension. We
note that for deep relatively long defects the equivalent crack length,
a, can be larger than the plate thickness. Also shown in Figure 2 are
.themodified correction curves suggested by Glover and Coote. The
modifications apply only for relatively long defects; there are no
suggested modifications for a/2:0.1.

Analysis for Long Defects

Calculation of correction factors that include the effects of plastic
deformation requires elastic-plastic CTOD solutions for the geometry of
interest -- in this case, surface defects in plates -- and the center
cracked plate in tension. The elastic-plastic estimation approach is
used for this purpose.

The elastic-plastic estimation procedure separates the CTOD, and other
crack parameters, into elastic and plastic components. The elastic
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component is calculated using LEFM with an Irwin plastic zone
correction. The plastic component is obtained from detailed finite
element calculations. Elastic solutions are available for many
geometries, but the fully plastic solutions are tabulated for only a
limited set of geometries [(83]. These include, among others, the center
cracked panel (CCP), the single edge notched (SEN) specimen, and the
hollow cylinder containing an internal, full circumferential crack, all
loaded in tension.

The CCP solutions can be used to investigate the factor of safety on the
COD Design Curve. We use for this purpose the elastic-plastic
estimation formula for a crack length-to-width ratio of 0.125 to model
an infinite plate: this is the smallest a/¥ ratio tabulated in the
handbook .

The value of the CTOD given by the elastic-plastic estimation formula is

' P2 a P o+l
-8 - a i B3
§=8g + 8y = £(a) g+ ae ahG) ) (83)

E

where T - function of crack and component geometry
a - plastically adjusted crack length
E’ = Young“s modullus; g£’'=g for plane stress,
E’-E/(l-vz) for plane strain; v - Poisson’s ratio

o, - yield strength; o, = Beg

P - applied load

Po - reference load; approximately the plastic limit load
h - function of crack geometry and hardening exponent n
W - component width

The values of a and n describe the stress-strain relation for the
material according to

e _ ¢ g\

g toaeld. (B&4)

e
(o} (o]
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For a pipeline steel base metal with o, - 469 rra (68 ksi) we find
that a = 1.55, n = 20 {85). Figure B3 shows a plot of equations (B1)
and (B3) for a material with : o, = 469 HPa (68 ksi), E = 207 x
10%pa (30 x 1P psi), = - 1.55, n - 20, a/W - 0.125 and a - & =
3.18mm (0.125 in.). The COD Design Curve is seen to overestimate the
CTOD by a factor of about two for the range of strains shown.

The single edge notched panel geometry is used to study the effect of
crack depth on the COD Design Curve correction factors in the presence
of plasticity. This geometry is equivalent to a surface crack with a/2¢
= 0O,a > 0. Recall that the elastic SEN solution is the one used to
generate the correction curve iIn Figure B2 for a/2 = O. The
elastic-plastic estimation formula for this geometry is very similar to
equation (B83)., Figure 34shows a plot of CTOD for the SEN geometry,
normalized by the CTOD for the CCP geometry with a/%W = 0.125 as a
function of strain; as before, g, " 469 vpa (68 ksi), E = 207 X 103
MPa (30 X 106 psi), a - 1.55, n = 20. Curves are shown for two values
of a/w for the SEN geometry.

Curves such as those shown in Figure B4 can be used to calculate crack
geometry correction curves as in Figure B2 for various levels of strain.
The elastic-plastic estimation equation (B3) can be written as the
product of the crack length times a function of the ratio a/¥ for the
different geometries under consideration here [B4); that is,

§=a F(a/¥,...).

Therefore, the crack length for the wide plate containing a small
through crack--modeled by the CCP geometry with a/W = 0,125--requirsed to
give the same CTOD as the SEN geometry is given by

FSEN(a/W)

= (B5)
FCCP(a/w 0,125)

a=a
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This equation is equivalent to the elastic equation (32). One can also
see that the ratio of F factors on the right side of equation (85) is
the same ratio plotted on the ordinate of Figure B4; that is, it is also
equal to the ratio of the CTOD values for equal crack lengths. Using
data of the type shown in Figure B4 for various ratios of a/W, one can
plot a curve of a/¥ vs. a/¥ similar to those shown in Figure B2 for
various levels of strain, This has been done in Figure B5, but with W
replaced by t to represent the plate thickness. The figure shows that
for nominally elastic strains, e - 0.102, the curve follows the elastic
curve, as it should, except for large values of a/t. At large values of
a/t the SEN geometry is close to its plastic limit load so that, even
though far field stresses ar: be2low yield, significant yielding is
occurring In the cracked cross section. At higher levels of strain, the
deviation of the plastic correction curves from the elastic correction
curves occurs at lower crack depths. Also shown in Figure B5 is the
shifted correction curve recommended by Glover and Coote for a/% - 0.01.

Use of the SEN model to determine crack geometry correction factors for
circumferential cracks in pipelines may not be approgriate. In an SEN
specimen loaded in remote tension, some rotation will occur at the
crack. This results in a larger CTOD than is expected in a pipe, since
the pipe will tend to resist this rotation due to its cylindrical
geometry. This can be investigated by calculating correction factors
from solutions for the hollow cylinder containing an internal, complete
circumferential crack. Elastic-plastic estimation formulas also exist
for this geometry, but are tabulated only for hardening exponents of 10
and below. Figure B6 shows a plot of CTOD for the cylinder and SEN
geometries normalized by the CTOD for the CCP geometry with a/W=0,125,
as a function of strain; o =469 MPa (68 ksi), E=207 X 103 MPa (30 X

1 psi), «= 1.0,n=10, Ry (internal radius)=254mm (10.0 in.), R,
(outer radius)=267mm (10.5 WIn.). The correction factors based on the
cylinder geometry are not as great as those based on the SEN geometry.
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sShort Defects

The analysis of the plasticity effects on geometry corrections for long
surface flaws was possible because of the plain strain approximation via

the SEN geometry. Shorter surface cracks cannot be analyzed as easily
because there are currently no analytic or tabulated solutions which
provide a method to calculate CTOD in the presence of plasticity for
this geometry. Some numerical results are available and one set of
these will be used to study the plasticity correction for short defects.
Wilkening, deLorenzi and Barishpolsky [B7] have conducted
three-dimensional elastic-plastic finite element analyses for axial
surface cracks in a pressure vessel.” They considered a cylinder with
internal radius R1-2.3m (90in.) and wall thickness t=229mm (%9in.),

which gives Ro/Ri-l.lo. Two defect depths and three defect aspect
ratios were treated: a/t=0.25, 0.75 and 2/a=6,4, and 3. The internal
pressures studied caused elastic stresses and stresses that exceeded the
uniaxial yield strength, and crack face pressure was modeled. We
consider here, only applied stresses below the yield strength.

Equation (B4) was used in [B7] to model the stress-strain behavior with:
ao-414 MPa (60ksi), eo—0.002, a=1.4 and n=8.6. A partial list of

their results for CTOD and J at the deepest point in the crack are given
in Table Bl.

In order to estimate the geometry correction factors for these defects,

calculations were made, as before, using the elastic-plastic estimation

procedure with the center cracked panel geometry in plane strain tension
and equation (BS5), except with SSEN replaced by the CTOD values

obtained by Wilkening, et al. [B7].
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Table B1 Values of J and CTOD at the deepest crack extent for axial
surface cracks in a pressure vessel [B7]; a/t=0.25 for all
flaws; 00-414 MPa.

Internal
Pressure
MPa a/g CTOD (mm) J (kJ m2 d=8 (0’0_&)_

17.2 0.167 0.045 32.5 0.57
0.250 0.037 23.2 0.66
0.333 0.030 18.3 0.68

31.0 0.167 0.171 129 0.55
0.250 0.134 91 0.61
0.333 0.109 70 0.64

Some difficulty arises in comparing CTOD values from a cylinder to a
plate because of curvature effects and the variation of circumferential
stress through the thickness. The average of the circumferential
stresses at the inside and outside radii was used as input to the center
cracked plate equations; the stresses at the inside and outside radii
differ by about 10%. In addition, a stress equal to the internal
pressure was added to the far field circumferential stress to account
for crack face pressure.

The same material properties as used by Wilkening, et al. were used in
the elastic-plastic estimation approach. The elastic-plastic estimation
approach requires a value of d to calculate CTOD, where

For n=8.6 and in plane strain, it is recommended [B3] that d=0.63.
However, as Table Bl shows, d varies from 0.51 to 0.68 for the
particular range of conditions reported here. We have chosen a value of
d=0.60 in calculating 6 for the center cracked panel geometry,
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recognizing that we are studying plasticity effects as opposed to
obtaining precise correction factors.

Table B2 shows the results of the calculated correction factors. The
stresses corresponding to an internal pressure of 17.2 ¥Pa are
essentially elastic and the correction factors are seen to agree
reasonably well with the correction factors currently used with the COD
Design Curve which are based on linear elasticity. For the high
pressure, or applied strain, the elastic-plastic correction factors are
seen to decrease with respect to the elastic correction factors in
contrast to the behavior €or the long surface defects.

Discussion

Glover and Coote“s observation of a nonuniform factor of safety with
crack aspect ratio in the application of the COD Design Curve to
pipeline girth weld defects can be explained by the results of our
analysis. They found that the factor of safety for small defect aspect
ratios -- short defects -- was three to five times that for large defect
aspect ratios. Our results show that the correction factor for long
defects should be greater and for short defects smaller or the same than
those based on LEFM for strains on the order of the yield strain.
Accounting for this difference would result in a more uniform factor of
safety for the girth weld defect data.

There are other possible explanations for the observations of Glover and
Coote. Fracture in the pipe tests occurred by ductile tearing; a mode

of failure the COD Design Curve is not meant to treat. Fracture by

tearing is governed by the driving force and resistance to ductile crack
growth. Irwin”’smodel for the CTOD of a deep surface crack (c¢.f. (B%)) -
can be used to show that the increase of CTOD with crack length is given

by
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Table B2 Elastic- Plastic Crack Geometry Correction Factors
for Short Surface Defects in Comparison to Elastic
Correction Factors; a/t=0.25 in all cases

Internal Average Elastic-

Pressure Stress Strain 5 -3 3 Plastic Elastic

(1b/in?) (ksi) (%) a/2c CCP(10 “in) S (FEM) (10 “in) GPT/GCCP a/t alt
2500 27.5 0.092 0.167 1.72 1.76 1.02 0.25 0.27
4500 49.5 0.218 0.167 7.93 6.72 0.85 0.21 0.27
2500 27.5 0.092 0.250 1.72 1.46 0.85 0.21 0.22
4500 49.5 0.218 0.250 7.93 5.28 0.67 0.17 0.22
2500 27.5 0.092 0.333 1.72 1.19 0.69 0.17 0.18
4500 49.5 0.218 0.333 7.93 4.28 0.54 0.14 0.18



Thus, the driving force for tearing increases with surface crack length.
It is also possible that differences in constraint associated with short
and long defects will affect the material resistance to tearing,
although the way in which it is affected is not clear.

Finally, we note that because the failure strains for the pipes were in
excess of 80% of the uniaxial yield strain some of the data used to
generate the modified correction curves are probably better
characterized by plastic collapse criteria.

Conclusions

Glover and Coote [B2] have observed a nonuniform factor of safety on
strain with surface defect aspect ratio when the COD Design Curve is
applied to pipe bending fracture data using linear elastic correction
factors for defect geometry. The factor of safety is relatively small
for long flaws and relatively large for short flaws. This nonuniformity
can be explained by plasticity effects on the defect geometry correction
factors. The elastic-plastic estimation approach was used to show that
for long flaws, modeled by the SEN geometry, the elastic-plastic
correction factors can be substantially greater than those given by
elastic analysis. Consideration of solutions for internal,
circumferentially cracked cylinders in tension indicates that the actual
corrections are not as great as predicted by consideration of the SEN
geometry, but that they are still greater than the elastic corrections.
A set of numerical data for CTOD of surface defects iIn pressure vessels
was used to assess the elastic-plastic correction factors for short
defects. These results suggest that the elastic-plastic correction
factors are smaller than the elastic correction factors.

Though plasticity accounts for the trend of the nonuniform safety
factor, there may be other explanations. In particular, since the pipes
failed by ductile tearing, there is a higher driving force for tearing
for long defects. Plastic collapse as a mode of fracture may also
influence the computed factors of safety.
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